Long-term drug-induced alterations in gene expression underlying neuroplasticity in the nucleus accumbens (NAc) may play a crucial role in relapse behavior in abstinent drug addicts. In this respect, stimulus-induced relapse behavior is considered as the retrieval of stored drug-related information. Because the NAc shell may determine the impact of external and internal stimuli on goal-directed behavior, we compared long-term gene expression in this brain region after active and passive administration of different drugs of abuse. We made use of a preselected set of transcripts that were down-regulated 3 wk after active i.v. heroin self-administration. We found that most of these transcripts were not down-regulated long after passive exposure to the opiate. Most of the active heroin administration-regulated transcripts were also down-regulated in the NAc shell following active cocaine administration (common denominators). As observed with passive administration of heroin, passive exposure to cocaine was found to be relatively ineffective in reducing the expression of these transcripts. This work reveals that active drug consumption during self-administration (instrumental learning) is a crucial psychological factor directing long-term genomic responses in the brain.
connected with other brain structures (4, 5) . Recent studies indicate that the NAc shell and core subserve distinct, but related, roles in goal-directed behavior. The NAc core has been suggested to be primarily involved in the acquisition of instrumental contingencies (6, 7) , whereas the NAc shell may mediate the impact of previously learned associations on goal-directed behavior (7) . Thus, the NAc shell may be unique, in that it is particularly involved in context recognition and decision making (6, 8, 9) . Considering stimulus-induced relapse behavior as retrieval of stored drug-related information, the NAc shell may play a key role in triggering relapse behavior.
Although drug addiction in humans is a chronic relapsing disorder involving drug selfadministration (SA), animal research has thus far primarily been focused on the short-term genomic effects of forced administration (FA) of addictive drugs, in particular those resulting from cocaine exposure (see refs 10-12) . In view of potential context-dependent factors in druginduced neuroplasticity, the objective of this study was to compare the genomic response in the rat NAc shell following long-term withdrawal of active and passive heroin administration. We addressed this issue by employing a behavioral paradigm that is widely used as an animal model for relapse behavior in abstinent drug addicts (13) (14) (15) (16) . To identify differentially regulated transcripts in the NAc shell after long-term extinction of heroin SA, we performed an open screening by means of suppression subtractive hybridization (17) . From a preselected set of transcripts after subtraction cloning, their expression was subsequently assessed in different cohorts of rats with a history of heroin or cocaine exposure (SA and FA) by means of sensitive and gene-specific real-time quantitative polymer chain reaction (PCR).
MATERIALS AND METHODS

Animals
Male Wistar rats weighing 180-200 g (Harlan CPB, Zeist, The Netherlands) were individually housed in Macrolon cages with food and water ad libitum. Animals were adjusted for 2 wk before surgery to an inverted 12-h light/dark cycle with the lights on at 7 p.m. Animal experiments were performed during the dark period and were approved by the Animal Care Committee of the Vrije Universiteit, Amsterdam, The Netherlands. Animals were equipped with a silicon catheter as described previously (13) under ketamine (60 mg/kg, i.m.)/xylazine (4 mg/kg, i.p) anesthesia. From 1 day after surgery, animals were handled briefly during 3 days before experiments.
Drug administration
For subtractive hybridization and validation by reverse Northern blot analysis and quantitative PCR (qPCR), separate cohorts of rats were used in a heroin and cocaine SA paradigm described previously (13, 14) . For each cohort, animals were divided into three treatment groups (4-6 animals per group) that could either (a) i.v. self-administer saline, (b) i.v. self-administer heroin or cocaine, or (c) receive the drug passively (yoked control). Every effective response of a rat self-administering heroin or cocaine by nose poking resulted in an i.v. infusion of an equal amount of drug into a yoked rat. Effective responses were accompanied by a click, the sound of the pump, and the extinction of the house light for 20 s, during which responding was ineffective. Thus, yoked rats received a signal before drug infusion but had no control over their intake. During the acquisition and maintenance phase of 3 wk (six daily 3-h sessions/week) saline or heroin (50 µg/kg/infusion; OPG, Utrecht, The Netherlands; dissolved in sterile saline) was administered on a continuous schedule of reinforcement (FR1), whereas saline or cocaine (500 µg/kg/infusion; OPG; dissolved in sterile saline) was administered during 10 daily sessions of 2 h. In the extinction phase of 3 wk (6 daily 2-h sessions/week), the drug was replaced by saline and all other conditions were kept constant. Twenty four hours after the last extinction session, animals were decapitated, their brains were removed, and the NAc shell was dissected on dry ice from a coronal slice (bregma +1.2 to +2.2 mm), using the anterior commissure as reference point, and stored at -80°C until use.
RNA isolation and cDNA synthesis
Total RNA was extracted from the NAc shell of the rats essentially as previously described (18), with an additional phenol/chloroform/isoamylalcohol and a separate chloroform extraction. After ethanol precipitation, RNA was dissolved in water and the integrity of RNA was checked by gel electrophoresis. Before subtractive hybridization, total RNA from NAc shell from the saline (tester) or the heroin SA (driver) group (five and four rats, respectively) was pooled to a total of 500 ng and used for cDNA synthesis, using the SMART (switch mechanism at the 5' end of RNA templates) PCR cDNA Synthesis Kit (Clontech, Palo Alto, CA) according to the manufacturer's instructions, with minor modifications. Second-strand cDNA synthesis was performed in triplicate reactions of 100 µl with each 128 pmol of a nested primer directed to the common sequence in both first-strand synthesis oligonucleotides for 27 cycles to reach submaximal amplification. The amount of obtained amplified driver and tester cDNA was identical.
Suppression subtractive hybridization
Driver and tester cDNA were digested with 15 U RsaI (Roche, Mannheim, Germany) to generate blunt-ended cDNA fragments required for subtraction and adaptor ligation, followed by phenol/chloroform/isoamylalcohol extraction and ethanol precipitation. Subtraction was performed using the PCR-Select cDNA Subtraction Kit (Clontech) according to the instructions, with minor modifications in the suppression PCR protocol. Thus, 35 cycles and annealing at 60°C were used in the first round of amplification. In the second round, 0.4 µM of a set of modified nested primers (Eurogentec, Seraing, Belgium), containing the recognition site sequence for the endonuclease EcoRI (5'-CCGGAATTCCGTCGAGCGGCCGCCCGGGCAGGT-3' and 5'-CCGGAATTCCGAGCGTGGTCGCGGCCGAGGT-3'), were used for 15 cycles. In both rounds, 0.25 U Goldstar Taq polymerase (Eurogentec) was used per 25 µl reaction. The subtraction efficiency was determined by triplicate measurement of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript abundancy in equal amounts of subtracted and unsubtracted cDNA, using qPCR.
Construction of library
Amplified cDNA was purified by phenol/chloroform/isoamylalcohol extraction, precipitated with ethanol, and digested with 20 U EcoRI (Roche). M13mp18 (1 µg) bacteriophage was digested with 50 U EcoRI, cut out of agarose gel, purified using the Gene Clean kit (Bio101, Carlsbad, CA), and dephosphorylated using the CIAP method (Roche). Amplified cDNA (100 ng [20%] ) and 100 ng of dephosphorylated vector were ligated using T4 ligase (50 U; Roche) at 16ºC for 16 h in 10 separate reactions. Each ligation mixture was transformed to Escherichia coli DH5αF' and grown on YT-plates. After O/N incubation at 37ºC, 7964 plaques were obtained. Bacteriophages were retrieved from the plates, and the titre was determined as 1.8×10 6 pfu/µl. From a plate containing 1060 plaques, all plaques were picked individually and phages were stored in 30 µl medium for further analysis.
Size selection of inserts
For each plaque, 1 µl of bacteriophage-containing medium was used for PCR using 6 pmol of M13mp18 universal primers, EV2 (5'-CGCCAGGGTTTTCCCAGTCACGAC-3') and EV3 (5'-AGCGGATAACAATTTCACACAGGA-3') and 0.25 U GoldStar Taq polymerase in a 50 µl reaction, using one cycle of 95°C (4 min) and 35 cycles of 94°C (30 s), 60°C (30 s), and 72°C (60 s), and a final extension at 72°C (7 min). Product sizes were determined by gel electrophoresis. PCR products of <240 bp represented empty clones and were omitted from further analysis.
Nucleotide sequencing
Control clones (317 insert-containing and 20 empty) were reamplified in a linear sequence PCR with 1 pmol of primer EV2 according to the manufacturer's protocol of the Sequencing Kit (Applied Biosystems, Foster City, CA) and sequenced using an ABI 310 Sequencer (Applied Biosystems). Obtained sequences were compared with sequences in GenBank databases of the National Center for Biotechnical Information (NCBI) by BLAST search.
Real-time qPCR
NAc shell RNA from each animal of the heroin and cocaine treatment groups (four to six animals per group) was pooled to minimize dissection artifacts and were treated with DNAse I (20 U/µg RNA) according to the manufacturer's instructions (Roche). Following phenol/chloroform/isoamylalcohol extraction and ethanol precipitation, the integrity of the RNA was checked by gel electrophoresis. This RNA was random primed with 300 pmol hexanucleotides and reverse transcribed using 1200 U MMLV H -reverse transcriptase (Promega, Madison, WI). For each known transcript, qPCR was performed in triplicate on each plate and repeated two to three times using an ABI PRISM 7700 Sequence detector (Applied Biosytems). PCR conditions and SYBR Green reagents were used in a reaction of 20 µl, using transcript-specific primers (0.3 µM) and 0.7 µl cDNA according to guidelines of the manufacturer (Applied Biosystems), with the exception of 45 cycles and elongation at 59°C. Transcript-specific primers were generated with Primer Express software (Applied Biosystems) based on GenBank sequence information, verified by NCBI BLAST search, and custom synthesized (Eurogentec). In the absence of rat orthologs of known human or mouse sequences, primers were designed based on a matching rat EST sequence or based on the library clone sequence. Primer sets were tested by PCR and gel electrophoresis for the absence of primerdimer artifacts and multiple products. Amplification efficiency of each set was determined by qPCR, using repetitive dilution series of NAc cDNA. Only primers with an efficiency of ~2 were used. The cycle of threshold (C t ) was determined as the value 3 cycles above noise. For each primer set, a no-template control was performed, and C t values with a difference <6 cycles were discarded, resulting in an ~1.5% acceptance of background. The C t value was used to calculate the relative level of expression (by heroin or cocaine SA or FA vs. saline SA) and normalized to the transcript for hypoxanthine phosphoribosyltransferase (HPRT). Calculations were as instructed by the manufacturer (Applied Biosystems). Expression levels of five additional housekeeping genes (GAPDH, neuron-specific enolase [NSE], α-tubulin, β-actin, ubiquitin) were measured as extra quality control but were not used for normalization due to their possible regulation (19) (20) (21) . In particular, because β-actin and α-tubulin are involved in cytoskeletal functioning (22, 23) and GAPDH in apoptosis (24) , they are prone to be regulated in the druginduced rearrangement of neuronal circuitry. Relative gene expression levels of the transcripts from replicate measurements were expressed as means ±SE. Statistical significance of differences (P<0.05) between experimental groups was determined by Student-Newman-Keuls analysis.
RESULTS
First, we treated animals using a heroin self-administration paradigm. The acquisition and extinction of heroin SA developed as described previously (13) . During the acquisition period, heroin-treated animals responded more in the active hole than saline-treated animals. Moreover, responding in the inactive hole was less for both groups (Fig. 1) . After 18 sessions of extinction, the number of responses for both treatment groups was identical (Fig. 1) .
We then constructed a subtraction library of the NAc shell (Fig. 2) of the SA animals. In order to pre-select a set of transcripts, coherently regulated in the NAc shell long after heroin SA as compared to saline SA, we choose a unidirectional subtractive hybridization method (17) . During two rounds of subtraction, both cDNA populations were hybridized to enrich for non-hybridized sequences (differentially expressed transcripts). Suppression PCR (17) was then performed to obtain a set of cDNA clones representing genes consistently expressed at a lower level in the NAc shell after heroin SA. The subtraction was successful, according to analysis of the subtraction efficiency that showed that the abundance of GAPDH in the subtracted and unsubtracted pools of cDNA differed about 10 times (Fig. 3) . After subtraction, amplified cDNA was cloned into an M13 vector. From a library of 7,964 primary clones, 1,060 plaques were individually picked and analyzed. Size-determination by PCR revealed that 317 clones contained inserts, which were subsequently sequenced. Different cDNA fragments were found to correspond to the same transcript, due to initial RsaI digestion. Therefore, the 317 clones yielded 152 individual transcripts, with 40 transcripts encoding known proteins, 79 known as ESTs and 33 being as yet unidentified.
For this study, we focused on the group of 40 known transcripts. This group was initially assessed for its regulation by means of reverse Northern blot analysis to independently validate the subtractive hybridization. After normalization to HPRT, the average regulation of these 40 transcripts was about -2.7 ± 0.3 fold (not shown), which was in agreement with the construction of a library representing down-regulated genes. In order to detect low abundant transcripts and subtle changes in gene expression, real-time quantitative PCR (qPCR), also allowing to discriminate transcript isoforms, was used. Accordingly, the long-term genomic response was measured on pooled RNA in the NAc shell after heroin administration (SA and FA) for the complete set of 40 transcripts in an independent cohort of rats. These qPCR experiments showed that 25 of the 40 transcripts were significantly down-regulated (p<0.05) (Fig. 4) . Fifteen transcripts, however, did not reach statistically significant differential regulation, suggesting that they represent false positives from the subtraction procedure. The magnitude of down-regulation was modest, i.e. up to 2.3 times, which is in agreement with studies on drug-induced short-term gene expression (e.g. 10,11). Interestingly, in the NAc shell of rats that received the doses of heroin passively (FA) only 8 of these 25 transcripts were significantly down-regulated (Fig. 4) . These data indicate that SA of heroin in rats primarily causes long-term regulation of gene expression that is specific for active drug intake, i.e. is not apparent following a passive form of drug administration.
In order to test this novel concept even further, we measured the 25 validated transcripts long after SA and FA of cocaine instead of heroin in the NAc shell of another group of rats (Fig. 5) . The acquisition and extinction of cocaine SA developed as described previously (14) . The average number of responses for the cocaine group (6 animals) during the last 3 sessions was 47.8 ± 1.1 responses/session, whereas the saline group (5 animals) responded less at 4.9 ± 0.8 responses/session times/session. Responding in the inactive hole was significantly less (1.4 ± 0.5 and 2.3 ± 0.5 responses/session of the cocaine and saline group, respectively). After 18 sessions of extinction the number of responses for both treatment groups were identical (13.5 ± 1.2 and 10.9 ± 1.9 responses/session over the last 3 sessions for the cocaine and saline groups, respectively). Responding in the inactive hole was less at 2.5 ± 0.5 and 1.8 ± 0.4 responses/session for the cocaine and saline group, respectively. No less than 17 of the 25 validated transcripts of the library appeared to be down-regulated long after cocaine SA. The magnitude of down-regulation of these common denominators was up to 2.3 times, which equals that observed after heroin SA. In contrast, and completely in line with the results obtained for heroin, after FA of cocaine only 4 of the 17 transcripts were significantly down-regulated (Fig.  5) . Thus, the striking difference between the genomic responses following SA and FA of heroin was also apparent in animals with a history of active and passive cocaine administration.
DISCUSSION
Several genes have previously been reported to be differentially expressed in rat NAc upon administration of drugs of abuse, the majority of which shortly (hours to days) after cessation of drug exposure (10) (11) (12) . These acutely regulated genes may cause immediate effects and trigger the long-term expression of genes that contribute to enduring neuroplasticity associated with the persistence of addiction behavior (25) , including persistent changes in the altered responsiveness (26) (27) (28) and morphology of NAc neurons (29, 30) . We investigated the long-term changes in gene expression in rat Nac, using a heroin SA paradigm, which has been extensively used to investigate relapse behavior induced by drugs of abuse, drug-associated cues, and stressors (13) (14) (15) (16) . In our laboratory, we consistently use an extinction period of 3 wk to distinguish the longterm from the short-term effects of drugs of abuse (see refs 13 amd 14) . Because the NAc shell may be an important subregion regarding the impact of stimuli to mediate retrieval of previously learned associations triggering goal-directed behavior (7), we focused on this region within the NAc. To study the context-dependence of genomic responses, we created a set of transcripts that is down-regulated in the NAc shell after long-term extinction of heroin SA.
An open subtraction screening was used that does not discriminate between types of transcripts and also includes low abundant transcripts (17) . The SMART method used prevents the underrepresentation of 5' ends of transcripts as well as the presence of prematurely terminated cDNAs and genomic DNA in the cDNA populations. Indeed, genomic DNA was not found cloned. The library is the result of a successful subtraction. First, a parallel control experiment in which skeletal muscle cDNA was artificially enriched with a HaeIII-digest of ΦX174 DNA and subsequently subtracted yielded the expected subtraction products. Second, several sequences are present multiple times in the library, indicating the preferential cloning of certain types of transcripts (317 clones sequenced represent 152 different transcripts). Third, the occurrence of transcripts encoding certain known proteins shows that their representation in the library is different from a nonsubtracted population of transcripts and hence indicates that they were selectively cloned. For example, transcription-and growth-related factors are highly abundant in the library but are in low abundance in a normal population of transcripts. Also, ribosomal proteins are normally highly abundant, but in the subtracted library, only one transcript (ribosomal protein L4) belongs to this class. Fourth, analysis of the subtraction efficiency clearly showed a profound difference in the abundance of GAPDH between the subtracted and unsubtracted pools of cDNA. Most importantly, two independent methods, reverse Northern blot analysis and qPCR, performed on separate cohorts of rats, confirmed down-regulation of most transcripts of a selected group after heroin SA.
The validated set of down-regulated transcripts in the subtracted library comprises a large functional diversity in proteins involved in neuronal growth, apoptosis, signal transduction, neuropeptide synthesis and release, transcription, translation, and cell metabolism. The regulation of transcripts involved in the modulation of neuronal growth is consistent with the drug-induced alterations in neuronal morphology, as recently observed (29, 30) . Even more drastic rearrangements in the limbic system might result from apoptotic processes. Accordingly, several transcripts encoding apoptotic proteins appeared to be down-regulated in NAc shell. Although apoptosis-related processes have been reported in the brain upon exposure to morphine (31, 32) , their occurence after heroin SA still has to be verified. Our results further suggest that signal transduction is still affected long after cessation of heroin SA, as indicated by regulation of transcripts for receptors, phosphatases, kinases, and molecules involved in neuropeptide synthesis and release. Down-regulation of modulators of transcription, translation, and cell metabolism might suggest that heroin SA also persistently alters cellular activity in NAc shell. Elucidating whether and how these proteins are involved in adaptive changes related to addiction behavior is beyond the scope of the present study and represents a major challenge for further preclinical addiction research.
The group of transcripts analyzed here is too small and not meant to give genome-wide insight into the functional groups of genes affected by active drug intake. Notwithstanding, several genes as represented in the library may be functionally related. For instance, n-chimaerin, LIM kinase, and focal adhesion kinase participate in a cascade involving the small GTPases Rac and Cdc42, activating actin-based cytoskeletal changes (33) . Furthermore, two transcription factors (heterogeneous ribonucleoprotein F and TATA-binding protein TBP-1) are known to interact with each other (34) . Finally, phosphoprotein 2A inactivates cAMP-regulated phosphoprotein 21 kDa (ARPP-21) (35) and the LIM kinase-phosphorylating kinase PAK1 (36) and activates glycogen synthase kinase 3β (GSK3β) (37) and Na + , K + ATPase (38) . The presence of transcripts for interacting proteins in the library of down-regulated transcripts might indicate that certain cascades of cellular signal transduction are affected by heroin SA in a long-lasting manner. The functional diversity of proteins encoded by the long-term regulated genes indicates that the NAc shell is a target of regulation at various levels of cellular physiology. Because of the integrative role of the NAc shell within the limbic system (39, 40) , long-lasting alterations in cellular functioning may be expected to change synaptic transmission also in related brain structures. The persistence of addiction behavior may therefore be a direct result of altered genetic and cellular networks with persistently changed input and output relationships.
The major finding of our study is that psychological processes involved in active but not in passive administration of addictive drugs appear to be crucial for the type of drug-induced longterm gene expression profiles in the NAc shell. Two types of drug-induced neuroadaptations can be distinguished, that is, those caused by forced exposure to a drug and those caused by SA. Adaptations of the first type might result from pharmacological effects of the drug, whereas those of the second type may be derived from psychological context-dependent processes (instrumental learning) superimposed on these drug effects (41) . Indeed, short-term differences in cellular physiology (42) , neurotransmission (43) (44) (45) , and gene expression (46, 47) in the NAc and other limbic structures have been reported to be related to different types of drug administration. The differences in gene expression observed are presumably the result of specific cellular and molecular changes involved in SA (e.g., instrumental learning), which do not occur in FA (that reflects more the pharmacological response to the drug). However, the genomic responses to different drug administration paradigms and to different classes of drugs have both condition-specific as well as common effects. Moreover, the genomic responses as measured occur in a yet uncomprehended, complex spatial and temporal organization.
The long-term genomic consequences related to drug-administration are specific for the shell subregion of the NAc. In line with the presumed differential role of the NAc shell and core in addiction behavior, we found that most of the down-regulated genes in the NAc shell following active heroin administration are profoundly up-regulated in the NAc core. Interestingly, this upregulation was independent of whether the drug was administered actively or passively. Obviously, these unique neuroadaptations in the NAc shell due to drug SA may be crucial for the impact that stimuli (drugs, stressors, and drug-associated cues) may have to elicit relapse to compulsive drug-seeking behavior. Therefore, these findings are not only of interest from a conceptual point of view considering the context-dependence of drug-induced plasticity in the brain, but they have important ramifications for the design of genome-wide gene expression studies on the neurobiological basis of addiction behavior. 
